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STUDIES OF MANUAL CONTROL SYSTEMS 

I. INTRODUCTION 

This is  a report  of the work we have done under Contract 
NASw-668 during the three-month period beginning Ju ly  19, 
1964 and ending October 18, 1964, the second quar te r  of the 
second year of the  contract .  

This report  deals spec i f i ca l ly  with our inves t iga t ion  of 
multi-axis control  systems and i s  a continuation of P a r k  
I11 of Progress Report No. 3, dated September 15, 1964. 
This inves t iga t ion  has  two aims: 
which s ingle-axis  tracking behavior i s  ind ica t ive  of 
mult i -axis  behavior, and (2 )  t o  show how coupling between the 
axes a f f e c t s  system behavior. We have attempted t o  quant i fy  
performance i n  terms of normalized mean squared e r r o r s  and 
i n  terms of descr ibing functions.  

(1) t o  show the ex ten t  t o  

The preliminary experiments reviewed i n  Report No. 3 indicated 
that  the performance i n  a given axis was degraded when the 
subjec t  was required t o  track a second axis .  Furthermore, 
two-axis performance worsened when the degree of coupling was 
increased. It was suggested i n  that  report ,  however, t h a t  
some of the degradation may have been due t o  a lack of t ra in-  
ing,  rather than t o  an increase i n  the i n t r i n s i c  d i f f i c u l t y  
of the  task. 
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\(P"a\O 
Four groups of experiments were conducted i n  order  t o  
inves t iga te  (1) the difference between single-axis and 
two-axis performance f o r  input s igna ls  of various bandwidths, 
(2)  the difference between single- and two-axis t racking f o r  
control led elements of various coinplexities, (3)  the e f f e c t  
on two-axis performance of input coupling, and (4)  the e f f e c t s  
of output coupling. A single, highly experienced t r acke r  was 
used. The r e s u l t s  of these experiments ind ica te  that with 
s u f f i c i e n t  t r a in ing  t h e  t racker  can control  each ax i s  of a 
two-axis s i t u a t i o n  as well i n  either axis i n  a single-axis  
t a sk  when the conditions on the two axes are the same. Further- 
more, the e f f e c t s  of input coupling can be greatly reduced with 
pract ice .  

2 
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11. APPARATUS 

A compensatory t racking d isp lay ,  consis t ing of an e r r o r  dot  
and a c i r c l e ,  was presented on the face of an osci l loscope 
12 cm i n  diameter. The subjec t ' s  task was t o  keep the dot  as 
c lose  t o  the center  of the c i r c l e  as possible .  An 11" nylon 
s t i c k  attached t o  a force-sensi t ive hand control  enabled the 
subject  t o  inf luence the  motion of the dot.  The end of the 
s t i c k  deflected 1 cm per pound of applied force.  The 
control-display relat ionship was 15 cm of e r r o r  displacement 
per  second per centimeter of s t i c k  def lec t ion  when a 
second-order control led element was used, 15  cm/sec/cm f o r  a 
first-order system, and 1 .5  cm/cm when the dynamics were 
proport ional  . 

2 

I n  order  t o  provide a high degree of control-display 
compatibi l i ty ,  the control  was oriented so  that the  s t i c k  
was horizontal  and could be moved i n  8 plane parallel t o  the 
scope face. The response t o  a def lec t ion  of the s t i c k  was 
i n  the same d i r ec t ion  as t h e  s t i c k  motion when there was no 
cross  coupling, A block diagram of the control  s i t u a t i o n  is  
shown i n  Fig. 1 . 
The diameter of the circle was varied i n  order  t o  present  t o  
the subject  a continuous measure of h i s  performance i n  terms 
of mean squared errbr. The r e l a t i o n  of c i r c l e  diameter t o  
error was D(t)  = K E (t) + Do, where D(t)  was the diameter of 
the c i r c l e ,  Do was 0.3 c m  ( the smallest allowable c i r c l e  r diameter), K a constant, and E ( t )  the short-term mean squared 
error. To obtain E ( t ) ,  the instantaneous squared e r r o r  on 
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the X axis was added t o  tha t  on the Y axis; the sum was passed 
through a low-pass f i l t e r  having a time constant of t e n  
seconds , 

It was not c l e a r  a t  f i r s t  how the c i r c l e  diameter should be 
handled i n  order  t o  provide the best experimental control .  
During the f i r s t  phase of  t ra in ing  the value of K was kept 
constant so that  the relat ionship between c i r c l e  diameter and 
mean squared e r r o r  would be the same for a l l  tasks, On the  
basis of experimental r e s u l t s  (discussed i n  Sect ion @ we 
modified our procedure f o r  cont ro l l ing  c i r c l e  diameter. The 
constant K was adjusted a t  the beginning of each experimental 
run t o  provide a c i r c l e  of 0.8 cm on the average f o r  a l l  tasks, 
Thus, the harder the task, the smaller the value of K. This 
arrangement provided an incent ive t o  the subject  that was 
independent of the d i f f i c u l t y  of the task. 

The input  forcing function was Pseudo-Gaussian and consis ted 
of  two s igna l s  having low-pass rectangular  spectra .  The cut- 
of f  frequency of the primary s ignal  was 1.5, 2.5, o r  4.0 
rad/sec; the cutoff  frequency of t h e  secondary s igna l  was 9 
rad/sec i n  a l l  cases, and the power l eve l  was 26 db below 
tha t  of the primary signal.  The composite s igna l  was 
adjusted t o  produce a 1.25 cm rms movement of the do t  i n  a 
given axis. The forcing f’unction appl ied t o  the X axis was 
uncorrelated with tha t  applied t o  t h e  Y a x i s ,  Mean squared 
errors were computed separately f o r  each ax i s  over 2-1/2 
minute in t e rva l s ,  These averages were taken over the same 
por t ion  of the input  during each run. 

4 
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111. THEORETICAL CONSIDERATIONS 

A. INPUT COUPLINQ 

A flow diagram of t h e  two-axis compensatory t racking s i t u a t i o n  
with input coupling is  shown i n  Fig. 2. 
shown here is ca l led  input  coupling because an input  (Le.,  
stick def lec t ion)  t o  the control led element along a given 
axis general ly  produces a vehicle  (control led element ) 
response i n  both axes. The l inear ized  human operator  and 
the control led element are each treated as a two-port network; 
the H I S  and C I S  represent  the system descr ibing funct ions 
r e l a t i n g  the inputs  and outputs of' the respect ive networks. 
N, and n are noise  signals t o  account for the non-linear o r  
time-varying behavior of  the human operator.  By def in i t i on ,  
n, and n are the components of the operator  response that 
are  l i n e a r l y  correlated with ne i the r  of the forcing functions 
(ix and iy) . A l l  s i gna l s  and system elements are funct ions 
of frequency; the argument (jo) has been omitted for con- 
venience. Because of the necessi ty  t o  d i f f e r e n t i a t e  between 
s igna l s  on the two axes, we have adopted a notat ion d i f f e r e n t  
from that which has appeared i n  the l i t e r a t u r e  per t inent  t o  
s ingle-axis  systems . 

The type of coupling 

Y 

Y 

The p a r t i c u l a r  type of input coupling investfgated $ras 
a pure ro t a t ion  of t he  control-display relat ionship.  The 
optimal strategy f o r  t h e  human operator  i n  t h i s  s i t u a t i o n  
is t o  decouple the system by ro t a t ing  h i s  own input-output 
re la t ionship  by an equal and opposite amount; i f  he does so, 
he w i l l  be able t o  use the same bas ic  descr ibing funct ion t o  

5 
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t r ack  as well as he does when there is  no cross  coupling. 
B c e p t  for the  cross terms i n  the human ope ra to r l s  response, 
the decoupledsystem reduces ana ly t i ca l ly  t o  t he  s i t u a t i o n  in 
which there is no coupling between the axes; that I s ,  the 
human responds t o  an e r r o r  i n  X in suoh a,way that  no emor is 
Introduced i n  y. The human describing functions may be found 
by r a t i o s  of input-stick and input-error t r a n s f e r  functions, 
o r  by d i r e c t  measurement of e r ro r - s t i ck  r e l a t ionsh ips  i f  the 
r ec i r cu la t ing  noise  i s  small. 

The describing functions are  not so readily found when the 
operator  fa i l s  t o  decouple the system, For example, the 
l i n e a r  re la t ionship  between ex and sx,  i s  not simply Hxx, 
Figure 2 shows t h a t  there is another l i n e a r  path involving 

Thus, nei ther  the ratio of the x-axis 
input -s t ick  and input-error describing f’unctions nor a d i r e c t  
measurement of the l i n e a r  re la t ionship  between e, and sx can 
be expected t o  yield the desired descr ibing f’unction Hxx. 

and Hm. HXy, cYY3 

One possible  so lu t ion  t o  t h i s  problem is the  simultaneous 
determination of €Ixx and Hyx through simultaneous measurement 
of the l i n e a r  re la t ionships  between (1) e, and s,, and (2) 
e and sX. 
adjusted t o  provide the best match according t o  some su i t ab le  
c r i t e r i o n  between model output and x-axis s t i c k  response 

That is, a model containing the two paths i s  Y 

6 
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B. OUTPUT COUPLING 

Output coupling occurs when the output (vehicle response) 
on one axis contributes to the output in the other. 
diagram of the system is shown in Fig. 3. 
is able t o  decouple the system, analytical techniques applicable 
to single-axis systems may be applied t o  this situation. 
the system is not fully decoupled, simultaneous measurements 
of two describing fhnctions may be necessary as discussed in 
the preceding section. 
situation, the complexity of the output-coupled situation may 
dictate that the optimum strategy for the human controller is 
not to attempt to decouple the system. 

A flow 
When the operator 

When 

In contrast to the input-coupled 

7 
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Iv. RESULTS 

A. SINGLGAXIS VS. TWO-AXIS PERFORMANCE VS. BANDWIDTH 

The experimental procedure was as follows: A p a i r  of 
uncorrelated s igna ls  having iden t i ca l  spec t ra  were selected 
t o  serve as the two forcing f’unctions. Forcing functions of 
three cutoff  frequencies (wi) were invest igated:  1.5, 2.5, 
and 4.0 rad/sec. The controlled element dynamics were pure 
accelerat ion i n  both axes. The subject  was required t o  
t r ack  f i rs t  i n  the X axis only, with the e r r o r  dot  constrained 
t o  move horizontal ly .  
and f i n a l l y  i n  both axes simultaneously. 

H e  then tracked i n  the  Y axis only, 

The normalized mean squared e r r o r  ( r a t i o  of the mean squared 
e r r o r  on a given axis t o  the  mean squared input)  was taken as 
a measure of the t racking performance. This performance i s  
summarized i n  Table  I, i n  which data obtained during 
s ingle-axis  tracking i s  compared with t h a t  obtained i n  the 
two-axis s i tua t ion .  There is  no d i f f e r e n t i a t i o n  between 
x-axis and y-axis measurements. 

I f  w e  consider measurements taken only after the subject  was 
w e l l  t ra ined i n  t h e  pa r t i cu la r  task (as  was done i n  compiling 
Table I), there are no s igni f icant  differences between 
s ingle-  and two-axis tracking under any of the three conditions 
invest igated i n  t h i s  s e t .  Figure 4 shows, however, that 
during the e a r l y  t r a in ing  session w i t h  an input bandwidth of 
4 rad/sec there was a c lear  degradation of performance between 
the  one- and two-axis s i tua t ion .  I n i t i a l l y ,  the e r r o r  i n  a 

8 
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given ax i s  was approximately doubled by the addi t ional  require- 
ment of t racking a second axis .  As t r a in ing  progressed, the 
performance i n  both the s ingle-  and two-axis s i t u a t i o n s  
improved and t h e  differences between the two decreased. The 
learning curves per ta ining t o  input  bandwidths of 2,5 and 1.5 
rad/sec are presented i n  Figs. 5 and 6. Neither of these 
shows a consis tent  difference i n  s ingle-axis  and two-axis 
learning behavior. 

Experiments with the  lowest bandwidth were discontinued 
because the normalized e r rors  were so low (less than 0.03) as 
t o  make the s i t u a t i o n  r e l a t ive ly  uninterest ing.  A forcing 
funct ion having a bandwidth of 0.96 was t r ied but was dis- 
continued when t h e  subject  complained of f a t igue  and extreme 
d i f f i c u l t y  i n  t racking the s ignal .  

Figure 7 shows t h a t  normalized squared e r r o r  increased almost 
l i n e a r l y  with bandwidth, 
average of the single-axis and two-axis performances shown 
fo r  the corresponding frequency i n  Table I. We have not  been 
able t o  f ind a simple explanation f o r  th i s  in t e re s t ing  
re la t ionship .  

Each datum point  represents  the 

The descr ibing funct ions corresponding t o  t h i s  set of experi- 
ments are shown i n  Figs .  8-a t o  8-f. The left-hand column of 
Bode p l o t s  is f o r  single-axis t racking,  whereas the 
right-hand column is for  the two-axis s i t ua t ion .  Bode p l o t s  
exhibited i n  the same row represent the responses t o  iden t i ca l  
segments of the forcing function. The forcing-function 
bandwidths were, from top t o  bottom, 1.5, 2.5, and 4.0 rad/sec. 

9 
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The measurements were made d i r e c t l y  from e r r o r  t o  operator  
output, rather than computed as @is/@ie. Because of the 
r e l a t i v e l y  good l i n e a r  match-generally bet ter  than 8w- 
and the reasonableness of t h e  r e su l t s ,  w e  concluded that 
rec i rcu la t ing  noise  due t o  the operator 's  remnant d id  not 
s ign i f i can t ly  a f f e c t  our measurements. 

When t h e  bandwidth was 1.5 rad/sec, the  amplitude r a t i o  f o r  
the two-axis s i t u a t i o n  was higher than i n  the s ingle-axis  
s i t u a t i o n  by 2-6 db i n  the range of 1 t o  8 rad/sec. 
difference between single- and two-axis conditions was most 
not iceable  when the bandwidth was 2.5 rad/sec. The single-axis 
p l o t  (Fig. 8-c) showed a lead extending from below 0.25 rad/sec 
up t o  2 rad/sec. 
t racking was f l a t  up t o  1 rad/sec and contained a lead. 
beginning a t  that frequency. 

The 

On the other  hand, the gain during two-axis 

Figures 8-e and 8-j show that  t he  human descr ibing funct ions 
corresponding t o  s ingle-  and two-axis conditions were very 
similar when wi was 4.0 rad/sec. Dissimilarities between 
these two diagrams were much less than dissimilarities among 
Bode p l o t s  obtained under supposedly iden t i ca l  experimental 
s i t u a t i o n s .  F igure  9 shows t r a n s f e r  funct ions obtained from 
three consecutive segments of data under the s ingle-axis  

= 4.0 rad/sec) . condition (C  = K/s , wi 
right-hand column represent data gathered a month a f te r  that 
per ta in ing  t o  the left-hand set of curves. The differences 
between the top row of curves and the bottom row r e f l e c t  either 
a t i m e  va r i a t ion  i n  the operator 's  behavior o r  an anomaly i n  
the measurements a r i s i n g  from t h e  nature  of the time signals .  

The curves i n  the 2 

10 
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We lean  towards the  l a t te r  v i e w  because of the shape of the 
ga in  curves displayed i n  the bottom row, both of which contain 
a pecul ia r  d i p  near 1/2 rad/sec. 
the  right-hand column show a s l i g h t l y  greater over-al l  gain 
than the corresponding p lo t s  i n  the  left-hand column. This 
r e s u l t  i s  i n  keeping with t h e  improved performance t h a t  
occurred because of the addi t ional  t r a in ing  received during the 
intervening period . 

Note that  the  Bode p l o t s  i n  

The r e s u l t s  shown i n  Figs. 8-a through 8-d suggest that the  
operator  tracked w i t h  a smaller x-axis e r r o r  i n  the two-axis 
s i t u a t i o n  than i n  the single-axis s i t u a t i o n  f o r  the period of 
time represented by t h e  curves. 
record the mean squared errors during t h i s  set of runs.) It 
i s  possible  that  the operator was not f u l l y  loaded i n  either 
the single- or two-axis s i t ua t ion  and thus was able t o  
improve h i s  performance through greater e f f o r t  i n  the la t te r  
case. Furthermore, s ince  a t  the t i m e  of the measurements the  
r e l a t i o n  between c i r c l e  diameter and MSE was the same f o r  a l l  
experiments, t he  operator  would have had roughly twice the 
incent ive i n  the two-axis s i tua t ion .  

(Unfortunately, we d id  not 

In  summary, w e  conclude t h a t  during these experiments the 
subject  was l imited by the bandwidth of h i s  visual-motor 
response but  not by h i s  a b i l i t y  t o  process information. This 
conclusion i s  based on the following f indings:  (1) Increase 
i n  the bandwidth of the  forcing funct ion produced an increase 
i n  normalized error, and ( 2 )  the addi t ion  of the second axis 
of tracking, which doubled the required information processing 
rate but d i d  not a f f e c t  the motor bandwidth requirements, d id  
not produce consis tent  increases i n  e r r o r .  

11 
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B. SINGLE-AXIS VS TWO-AXIS PERFORMANCE VS . DYNAMICS 

Table I1 compares single- and two-axis performances obtained 
with the  three kinds of dynamics invest igated.  
were the same i n  both axes i n  the  two-axis task.) The band- 
width of the input  s igna l  was 2.5 rad/sec i n  a l l  instances.  
No s t a t i s t i c a l  ana lys i s  of the data relating t o  K and K/s 
dynamics can be given, since the subject  was not extensively 
t r a ined  under these conditions. As expected, the normalized 
mean squared e r r o p  increased as the order  of t h e  control led 
element increased. On the o ther  hand, there appeared t o  be 
no armlatent differences between single-axis and two-axis 
performance. 

(The dynamics 

Bode p l o t s  f o r  t h e  th ree  t-ypes of dynamics invest igated are 
shown i n  Fig. 10. The input bandwidth was 2.5 rad/sec f o r  
a l l  measurements, Figures 8-c and 8-d have been repeated as 
Figs. 10-e and 10-f f o r  comparison w i t h  the r e s u l t s  obtained 
w i t h  K and K/s dynamics. 
10-b, f o r  two-axis traoking with K dynamics, differs from 
the amplitude r a t i o  curve of  Fig. 10-a In  that it is  about 
2 db higher a t  a l l  frequencies. 
d i f f e r  noticeably.  Figures 10-c and 10-d f o r  K/s dynamics 
show the same type of differences as seen wi th  K/s 
The low-frequency port ion o f  the s ingle-axis  r e s u l t  shows a 
lead term, whereas the corresponding segment of the curve 
per ta in ing  t o  two-axis tracking i s  f la t ,  indicat ing t i g h t e r  
control  i n  the  two-axis si tuatiorr.  The enhanced two-axis 
performance could have been due t o  the increased incent ive,  
as mentioned i n  the preceding sect ion.  
a r e s u l t  of the order  i n  which these p a r t i c u l a r  measurements 
were taken. 

The amplitude r a t i o  curve of Fig. 

The phase curves do not 

2 dynamics. 

It may a l s o  have been 

12 
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A comparison of t h e  data obtained wi th  the three kinds of 
dynamics reveal  t he  same trends as shown by McRuer e t  a l .  
Figure 11 shows t h a t  the subject  tended t o  maintain the same 
type of t o t a l  open-loop behavior near  crossover independently 
of the  controlled-element dynamics. The gain decrement was 

2 roughly 6 db/octave, and the phase margins f o r  K/s and K/s 
dynamics were about 20'. 

indicated f o r  K dynamics t o  a measurement e r ro r . )  
over frequency was between 7 and 8 rad/sec with K and K/s 
dynamics and receded t o  5 rad/sec with K/s 

1 

(We a t t r i b u t e  the zero-phase margin 
The cross- 

2 dynamics. 

The experiments described so  far have involved only compatible- 
coordinate s i tua t ions ;  that is, i n  a l l  two-axis tasks the 
experimental conditions on the two axes have been as nearly 
i den t i ca l  as we could make them. I n  order  t o  inves t iga te  tne  
non-compatible-coordinate s i tua t ion ,  the sub jec t  was given 
p rac t i ce  w i t h  d i f f e r e n t  dynamics on each axis. 
a t  K/s , whereas C The bandwidth of 
the forcing funct ion was 2.5 rad/sec. 
learning curves f o r  C = K/s ;  Fig.  13 per ta ins  t o  C = K. 
Plot ted  f o r  comparison w i t h  these curves are the e r r o r s  
(taken from Table 11) that were obtained with iden t i ca l  
dynamics on both axes. 
from t h i s  set of data. 

C, was kept 
2 was either K or K/s. 

YY 
Figure 1 2  contains  the 

YY YY 

Bode p l o t s  have not yet  been obtained 

Because the subject  had not reached asymptotic performance 
when t r a in ing  was hal ted,  the full capab i l i t i e s  of the t racker  
i n  the mixed-dynamics s i t ua t ion  may not be indicated by the 
r e s u l t s  o f  t h i s  set of  experiments. We do see,  a t  any rate, 
that  there  was a noticeable amount of interference between the 
two axes early i n  learning. That is, the  performance on a 
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given axis was general ly  worse when the dynamics on the  two 
axes were d i f f e ren t  than when they were iden t i ca l .  This type 
of behavior has been reported i n  the l i t e r a t u r e  by Chernikoff 
and LeMay. 2 

To i l l u s t r a t e  the interference occurring w i t h  proport ional  
control  on the  Y axis and accelerat ion control  on the X axis ,  
l e t  us  compare e r r o r s  obtained under the following three 
s i tua t ions :  (1) C, = c 
C, = K/S 2 , = K; (2) C, = cYy = K/S 2. (3)  YY 

Cyy = K. Table I1 shows that  e r r o r s  obtained with 
proport ional  control  on both axes (condition 1) were only one 
th i rd  of those obtained w i t h  accelerat ion control  on both 
axes (condition 2) .  Thus, the system was easier t o  control  
when the control led element dynamics were proport ional  rather 
than second order.  On the other hand, when one axis was con- 
s t ra ined  t o  have second-order dynamics, i t  w a s  easier t o  con- 
t r o l  the o ther  axis when i t  had accelerat ion dynamics than 
when it  had proport ional  control ,  That is ,  y-axis e r r o r s  
were greater under condition 3 than under ccndi t ion 2, which 
r e s u l t  i s  i n  the opposite d i rec t ion  t o  t h a t  obtained by 
comparing the errors obtained under condi t ions 1 and 2. 

The greatest amount of interference was seen i n  the s i t u a t i o n  
j u s t  described (exx = K/s 
was seen on the Y axis ,  i n  which the e r r o r  ( a f t e r  t ra in ing)  
was over three times that obtained with K dynamics on both 
axes. 
comment that the Y axis was p a r t i c u l a r l y  d i f f i c u l t  t o  control  
because the rapid control  motions used i n  cont ro l l ing  the X 
axis produced unwanted motions i n  t h e  Y axis. The x-axis e r r o r  

= K).  The greater e f f e c t  2 
cYY 

This observation i s  i n  keeping with the sub jec t ' s  

14 
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was only 20$ higher than when both axes had acce lera t ion  
dynamics. 
dynamics were Cxx = K/s2 and C 
above case and was diminishing as t r a in ing  progressed. 

The interference appearing i n  both axes when the  - K/s was less than i n  the YY 

We can explain the results of t h i s  experiment i n  the following 
way. 
when C, - K/s2 and C 
t r i es  t o  maintain the same overcal l  open-loop t r a n s f e r  funct ion 
under all conditions,  h4s own t r a n s f e r  f'unction on the Y axis 
must d i f f e r  from that on the X axis by two integrat ions.  
Secondly, he has a mechanical problem !-n keeping his intended 
x-axis control  motions s t r i c t l y  along the  horizontal  axis. On 
this basis, w e  might expect less in te r fe rence  when Cxx = K/s2 
and C = K/s, s ince  the required transfer functions and control 
motions i n  the two axes are less dissimilar than In t he  previous 
s i t ua t ion .  

F i r s t  of a l l ,  the subject  had a d i f f i c u l t  learning task 
= K. I f ,  as we itssuiie, the subgect 

YY 

YY 

To summarize the r e s u l t s  of the  two sets of experiments so far 
reviewed, t h e  two-axis tracking task may be considered as two 
independent s ingle-axis  tasks when the conditions on the two 
axes are the same. That is, when the subject is well trained, 
t he  normalized mean square ermr r>n a given axis i s  unaffected 
by whether o r  not  the subjec t  is simultaneously t racking a 
second axis .  
however, the t o t s 1  squared error  may rmt merely be the sum of 
the  e r r o r s  tha t  would be obtained on each axis tracked 
individually. 
increases  when the subject  is required t o  t r ack  a second axis 
having d i f f e ren t  control dynamics. 

When the conditions on the two axes are d i f f e ren t ,  

Early in leaming,the e r ror  on a given axis 

The in te r fe rence  between 
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axes under these conditions can no doubt be reduced through 
extensive t r a in ing ,  But because of the  inherent complexity 
of the situation, it I s  not c l e a r  whether o r  not the inte- 
ference can be eliminated. 

16 
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C. INPUT COUPLING 

The axes were coupled i n  such a way that there was an 
e f f ec t ive  ro t a t ion  between the control  and the display; t h e  
vector  accelerat ion of the dot was a t  a predetermined angle 
with respect  t o  the  vector  s t i c k  def lect ion.  
of the s t i c k  was I n  a l l  cases 15 cm/Bec*/crn, as i n  the  
previously-described s i tua t ions  when no coupling was employed. 

The s e n s i t i v i t y  

Rotations of 45, 60, and 90 degrees viere used, Acceleration 
dynamics were used throughout t h i s  set of experiments; the 
bandwidth of the input  signal was 1.5 rad/sec. The record 
of performance shown i n  Fig .  14 indica tes  that  w i t h  t r a in ing  
the subject  was able t o  control a system having 45 t o  60 
degrees of ro t a t ion  almost as well a8 one wi th  no coupling. 
The v a r i a b i l i t y  of the data  precludes general izat ions about 
the t rend of the  performance when the ro t a t ion  i s  90'. The 
sub jec t ' s  performance i n  t h i s  p a r t i c u l a r  task was highly 
dependent upon h i s  a le r tness  and state of well-being a t  the 
time of the experiment. 

We have shown theore t ica l ly  t h a t  i f  the subject  18 able t o  
decouple the  system, he can use t h e  same basic descr ibing 
funct ion t o  t r ack  as well a s  he does when there is no cross  
coupling. Thus, the a b i l i t y  of the subject  t o  track as w e l l  
when there is 45 o r  60 degrees of coupling as when there i s  
no coupling suggests t h a t  he is  able t o  decouple the system. 
These r e s u l t s  are not proof of decoupling, however; s ince it 
is  possible that the subject worked harder i n  the coupled 
s i t u a t i o n  t o  compensate f o r  h i s  i n a b i l i t y  t o  decouple the 
system. Supporting evidence ought t o  be obtained from 
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appropriate describing functions before f inal  concluslons 
are made. 
in our  next report,) 

(We expect to Include such describing functions 

18 



Job No. 11126 B o l t  Beranek and Newman Inc 

D. OUTPUT COUPLING 

The system was coupled by processing the output of each 
control led element and adding it t o  the output of the  con- 
t r o l l e d  element on the  other axes as shown i n  Fig.  3. Thus, 
each control led element contributed t o  the response of the 
system i n  both axes. Since the  control led elements and 
coupling networks were a l l  second order,  the  r e l a t i o n  between 
control  movement i n  the other  was fourth order .  The t r a n s f e r  
funct ion of the control led element was, as before,  15 cm/sec2/cm 
of s t i c k  def lec t ion ,  The coupling was 1, 2, 4, and 8 
cm/sec2/cm. 
t h i s  ca l ib ra t ion  spec i f i e s  the acce lera t ion  of the dot  i n  one 
axes caused by vehicle  displacement i n  the  other .  

In  the a s e n c e  of an input  forcing function, 

The performance of the subject i n  t h i s  s i t u a t i o n  i s  shown i n  
Fig.  15. The appropriate  entry i n  Table I was plo t ted  as a 
dashed l i n e  t o  i l l u s t r a t e  h i s  performance i n  the absence of 
coupling. Although the subject was able t o  control  the 
output-coupled system as w e l l  as the uncoupled one when t h e  
Coupling was l/s 
the amount of coupling was increased. 
more than tenfold when the coupling was 8/s . 
r e s u l t s  obtained w i t h  t h i s  amount of coupling agree with our  
theo re t i ca l  conclusions tha t  the output-coupled system is  
bas i ca l ly  more d i f f i c u l t  t o  t r a c k  than the  uncoupled system. 
More t r a in ing  would be necessary before t h e  r e l a t i v e  d i f f i c u l t y  
of the 4/s2 coupling could be determined. 

2 and 2/s2, the e r r o r s  rose s ign i f i can t ly  as 
The e r r o r  increased by 

2 The experimental 
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V. EXPERIMENTAL PLANS 

We have presented i n  t h i s  repor t  the r e s u l t s  of a set of 
preliminary experiments conducted an a single subject .  
th ink some in t e re s t ing  trends have been indicated and are 
worth exploring with reasonable thoroughness. 
a series of well-controlled experiments, employing a t  least 
four subjects ,  has been i n i t i a t e d .  The primary object  of t h i s  
e f fo r t  w i l l  be t o  determine t o  what extent  models of the 
s ingle-axis  t racker  apply t o  t h e  two-axis s i t u a t i o n  when (1) 
conditions on the two axes are ident ica l ,  and (2) conditions 
on the two axes differ.  

We 

Consequently, 

20 
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TABLE I1 

Normalized Mean Squared Errors 
Changes with Dynamics 

no coupling 
YY; 

E 2.5 rad/sec; c, = c  wi 

Tracking 
Dynamics S i tua t ion  

K single  ax i s  
K two axes 
K/s single  axis 
K/s two axes 
K/s single axis 
W S 2  two axes 

Normalized 
Error 

0 . 034 
0 . 034 
0.056 
0.054 
0 095 
0,100 

Each en t ry  relating t o  K and K/s dynamics is  the 
average of two datum poin ts  (one x-axis and one 
y-axis measurement) obtained on 8/6/64. 
e n t i r e s  for K/s2 are taken from Table I. 

The 
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0 
' X  

OY 

- 
I 

Figure 2. Two-Axis Compensatory Tracking with Input 
Coupling 

= x-component of the input forcing function. 
= x-component of the error displayed to the human operator. 
= x-component of the stick deflection (operator's response). 
= x-component of the system output. 
= x-component of the operator's response that is not 

= linear relation between x-component of operator's response 

= linear relation between y-component of operator's response 

= controlled element relating x-component of system output 

= controlled element relating y-component of system output 

% 
OX 

Yo 
nx linearly correlated with either ix or i 

Hxx and x-component of error. 

Hxy and x-component of error. 

cxx 

'XY 

to x-component of stick deflection. 

to x-component of stick deflection. 

Signals and system functions in the Y axis correspond to those 
defined above for the X axis. 
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performance when 
tracking two axes 

F I G . 5  S I N G L E - A X 1  S A N D  T W O - A X 1  S P E R F O R M A N C E  
= 2 .5  R A D ~ S E C  'i C x x ' C y y  = K / s  * 
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0 performance when 
tracking single axis 

0 performance when 
tracking two axes 
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R U N  N U M B E R  

F I G . 6  S I N G L E - A X I S  A N D  T W O - A X I S  P E R F O R M A N C E  
C,, = Cyy=  K / s *  wi =1.5 R A D / S E C  



JOB NO, 11126 

0.25 

0.20 

0.1 5 

0 . I C  

0 .Of  

0 

F I G . 7  

BOLT B E R A N E K  81 NEWMAN INC 

w i  i n  r a d i a n s  p e r  s e c  

E R R O R  v s  B A N D W I D T H  



JOB N0.11126 BOLT BERANEK 8 NEWMAN INC 
F I G . 8  H U M A N  O P E R A T O R  D E S C R I B I N G  F U N C T I O N S .  

C H A N G E S  W I T H  B A N D W I D T H  

a b w = I .  5 r a d l s e c  i 
Ei i ide  P l o t  

8764-5 
1 1 - 1 4  
i i r  8 1 1 s  
i i p i t  r .40 
t 4 2  

Nag= 12 

Rn4= 217 

nag- -2s 

Rng- 0 

B o d c  P lo t  

8361-3 
11-11 
I 1 1  111s 
1 1 p m t  r.64 
k /s2 

n r C i i *  
-I  -1.2.4. e. 16 
pu 1.1.1 

C 

FLode P l o t  

8764-6 
a c - a s  
turn a x i s  
l i p a t  r.40 
t 4 2  

In1 I4 
'4'1.2.4.8.16 
Rc 1.1.1 

Hag= 12 

Nag- -6 

Ri4= 181 

Riy= 0 

w.=2. 5 r a d / s e c  
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f ' o d e  P l o t  
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F I G . 9  H U M A N  O P E R A T O R  D E S C R I B I N G  F U N C T I O N S  
S U C C E S S I V E  R U N S  U N D E R  I D E N T I C A L  C O N D I T I O N S  

S i n g l e - a x i s .  C =  Us2 I n p u t  BW=4.0  r a d l s e c  
D a t a  t a k e n  8/3 /64  D a t a  t a k e n  9/18/64 

H a l =  i2 

R11- 0 

a 
6 : o d e  P l o t  
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1/4 1 4 

C 

Bode P l o t  

91864-88 
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K/S2 
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anin-0 
'SI1 9 2.4 9-16 
PU 1.1.1 

R11- 0 

91864-81 
11-11 

Rum- 0 I I I I I I I I I  
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F I G .  10 H U M A N  O P E R A T O R  D E S C R I B I N G  F U N C T I O N S .  
C H A N G E S  W I T H  D Y N A M I C S  

Two-axis Track ing S 1 n gI e- ax Is Tr acki n g 
C o d e  P l o t  

#:I: 

Rng- 

Q2 

175 

.................... . . . .  - 
1 : :  

8364- 1 
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1.'4 1 4 
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t i p a  b l o c k  1044 s r t  1 
p o i n t s  SO t u  250 

............ ............ .~. . . , .  
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....... ........ 8364- 2 
two I Y I I  
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x-ax is  performance ( K / s2)  
0 Y-axis performance ( K / s )  

K / s'on both axes 
II-- K / s on  both axes 
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c x y  = l / s2  
(Ir c x y  = 2 / s 2  

A c x y  = 4/s2 
c x y  = 8 / s 2  

- performance with 
no coupling 
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